Abstract. In steel moment-resisting frames, concrete floor slab attached to steel beams contributes a larger stiffness and moment strength under positive bending. The composite action shifts up the section neutral axis and increases the risk of fracture at the bottom flanges of beam ends. A retrofit technique, named minimal disturbance arm damper (MDAD), is proposed as a solution to restrain the local deformation at beam ends and reduce the frame responses with moderate increase in stiffness, strength and damping. MDAD can retrofit steel frames rapidly by only using the bolt connections and preserve the open space of the frames. In this paper, the effectiveness of MDAD in improving the seismic performance of the steel frame was experimentally and numerically examined through the application to half-scaled multi-span specimens. The test and numerical results both showed significant benefits of MDAD in reducing the positive bending moment at beam ends, delaying the fractures at the bottom flange of beam ends and providing alternative load-carrying paths after fracture to prevent strength reduction.
Introduction
The deformation capacity of a steel moment resisting frame is often determined by the fracture at the bottom flange of beam end, since the composite section effect between steel beam and concrete floor slab leads to a large demand at the beam ends under positive bending. The existing retrofitting techniques can be classified in two types. The first category aims to enhance the strength and ductility of the vulnerable parts; such as braces or haunches added to beam ends. The second category aims to reduce and redistribute stress concentrated at the vulnerable part to a less critical area. One representative example is reduced-beam-section (RBS) connections. The consequences of retrofitting critical part should be carefully evaluated. Retrofit with the first category technique may result in the needs of further strengthening other originally non-critical parts and foundation. With such background, a new retrofit strategy of minimal-disturbance seismic retrofit and the associated example technique has been developed by Kurata et al [1] . A technique named minimal disturbance arm damper (MDAD) protects the beam ends from fracture with the moderate increase of the stiffness and strength of the entire frame, while reducing the installation time by using light-weight steel members with only bolt connections. Lavan et al [2] proposed a design procedure of MDAD that explicitly considers the unique feature of MDAD in directly reducing beam-end local deformation. As a nature of retrofitting, the performance of retrofit cannot be evaluated solely by the testing of retrofit techniques and devices. Many studies about retrofit techniques were conducted to understand the behaviour of a single beam-column steel connection or a single span moment resisting steel frame [3] [4] [5] [6] . If the attachment of retrofit elements alters force distribution and yielding orders, such simple testing is not enough to capture entirely the effect of a retrofit system on a structure. The use of a multi-span specimen that enables to observe the influence of the retrofitting on force-resisting mechanism is more suitable. In case of MDAD, the previous researches [1, 2] evaluated the devise behavior through component-level tests and the retrofit impact to steel moment-resisting frames in numerical simulations. However, the numerical simulation holds many assumptions and the effect of MDAD retrofit on existing frame has not been closely examined yet. In this context, the writers conducted quasi-static testing of multi-span steel frames, with and without MDAD, aiming to evaluate globally and locally the influence of MDAD attachment in delaying fracture of steel frames. The attentions are also paid on moment distribution within the frames, yielding and fracture delay at the beam ends and the post-fracture behavior of the frames. Figure 1 shows the schematic illustration of MDAD retrofitting a beam column joint. MDAD is mainly composed of eight steel components, i.e., two tension rods, two steel bending plates, two connecting blocks and two rigid frame. The two tension rods connect the bottom flange of beam at the mid span to the bending plates located at the upper part of the column. The two bending plates behave as a damper and are linked together by the two connecting blocks for ensuring the same bending deformation when either side of tension rod sustains force. Each rigid frame comprised with four spacing plates is fixed on the column by the bolts connection. Thanks to the unique configuration, MDAD ensures stable energy dissipation without slack or compressive force in tension rods, preserves the open space and eliminates operation of welding or cutting in the original structure. 
Minimal Disturbance Arm Damper (MDAD)

Experimental Design
Overview
The retrofit effects of MDAD were examined through the application on a typical Japanese four story four span steel frame (Figure 2(a) ). The steel fame had a span of 6,000 mm and a story height of 3,300 mm for all stories. In the first and second stories, the cross sections of the beams and columns were H-450×200×8×12 and Box-350×350×16, respectively. In the third and fourth stories, H-400×200×7×11 and Box-350×350×12 were used. The beam-column strength ratio was around 1.8 in all the stories. The further details of the steel frame are described in the previous studies [1, 2] . In experimental design, a one-story four span substructure boxed in Figure 2 (a) was considered for evaluating changes in force distribution, assuming the inflection point of the column bending moment fixed at the middle height of each story. Due to the space limitation in the structural laboratory, the last two spans on the right boxed by the broken red line in the Figure 2 (b) were constructed. 
Behaviour of Steel Structures in Seismic Areas
Specimen
Two specimens were prepared. Figure 3 shows the test setup and the specimens. The bare specimen, named specimen 1, was a half-scale 1-story 2-span moment resisting frame, extracted from the second story of the benchmark steel building ( Figure 2 (b)). It had one external, two internal columns and two beams. The columns were cut at the mid-height of the story and pin-supported at the ends. The beam and column had the length of 3,000 mm and the height of 1,650 mm with the cross sections of H-200×100×5.5×8 and Box-175×175×12. The beams and columns were welded using through-type diaphragm and the weld-access holes used the pre-Kobe details. The composite action by floor slabs were imitated using a series of short C-Channels spot-welded to the top flange of the beams (the details are explained in the next section). The tops of the three columns were linked by a rigid tubular trusses of 165.2×11 for restraining displacement as equal. The thin gusset plates of 12×140 mm were used to simulate the pin behavior at the truss ends. The actuator installed at the top of the column 1, named Jack 1, was intended to apply displacement. The actuator installed at the left side of the beam-to-column connection of the column 1, named Jack 2, was intended to apply force that simulated the beam bending moment at the location and stratified the boundary conditions to the rest of the structure in the story (Figure 2(b) ). The retrofitted specimen, named Specimen 2, was the same moment-resisting frame with Specimen 1 but with MDAD retrofit system. The MDAD was designed to reduce the positive bending moment of beam end by 20% in the elastic range. The moment reduction was expected to delay the fractures at beam ends. The strength and stiffness of the MDAD were controlled by adjusting the dimension of the bending plates using equations proposed in [1] . For the target moment reduction to be achieved, the reasonable dimensions of the main components were selected as 270×140×16 mm (length × width × thickness) for the bending plates and 30×1,300 mm (diameter × length) for tension rods, respectively. The horizontal component of the axial force in the tension rod was expected to delay the local buckling at the beam bottom flanges under negative bending. The material properties of steel bending plates obtained from the coupon test are summarized in Table 2 .
The measurement plan is shown in Figure 3 . The red rectangles are the strain gauges (SG) attached to collect the strain during the cyclic loading and to calculate the column shear and beam moment. The green rectangles represent the displacement transducers (DT) used to collect the beam end rotation and the story drift. Table 1 summarized the material properties of beam flange, beam web and C-channel steel. They were obtained from the coupon test. 
Composite action in beam
As mentioned in the preceding section, the composite action between a steel beam and concrete floor slab was considered by the equivalent composite section composed of H-beams and C-channels. This composite section was chosen to obtain the composite action intended in design with high accuracy. Figure 4 shows the schematic of the composite section composed of a steel beam and C-channels placed closely on the beam whose legs are welded to the top flanges of the beam. The facing edges of C-channels and the column surface contact in compression and resist against beam bending. As references that have reported the use of such section were not found in a literature survey, the writers decided to conduct a proof-of-concept test. The idea was first verified through a finite-element simulation using ABAQUS [7] and later by a preliminary component-level test using a T-shaped beam-to-column connection specimen. The dimensions of the C-channel were adjusted to provide the desired increment of the plastic moment and bending stiffness under positive bending. Figure 5 shows the results of numerical simulations and a quasi-static cyclic loading test. (Figure 6(a) ). The loading was repeated for two cycles at each amplitude. Jack 2 applied force to the rigid arm of the specimen (see Figure 3) , compensating the missing bending moment at the boundary to the unrealized frame ( Figure 6(b) ). The loading rates of the two jacks were controlled to achieve the target displacement and force at the same time. 
Test Results
Specimen 1: Bare frame Figure 7 presents the behavior of the bare frame specimen. Figure 7 (a) shows the story shear and story drift relationship. The story shear was computed as the average of the top and bottom column shear and as the sum of Jack1 force and the half of Jack2 force. The first yielding occurred at a story drift of -0.9%, and the initial stiffness was around 169 kN/%. The yielding strengths in the positive and negative story drift were around 167 kN and -149 kN, respectively. In the first cycle of -2.0% story drift, the fracture occurred in beam 2; bottom flange at the right end and the top flange at the left end fractured at the same time. The maximum strengths in the positive and negative story drift were 209 kN and -160 kN. After the fracture, the frame strength reduced to 166 kN and -117 kN at the 3% and -3% story drifts, respectively.
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Figure 7(b) shows the local deformation of the beam 1 right under negative bending. The local buckling of the bottom flange first occurred at the 1.5% story drift cycle. The compression force at the bottom flange due to the negative bending moment and the axial force in the beam applied by jack 2 likely accelerated the local buckling. The most of fracture occurred at the welds connecting the flange with the through diaphragm ( Figure 7(c) ). Figure 8 shows the overall behavior of the retrofitted frame. The initial stiffness of the rehabilitated frame in the positive and negative story drifts increased by 18% and 23% compared to the bare frame.
In the positive story drifts, one tension rod resisted against lateral loading while in the negative story drifts two tension rods worked. The yielding strength of the retrofitted frame increased by 21% and 9% in the negative and positive story drifts, respectively. The first fracture occurs at the left-end bottom flange of beam 2 in the first cycle of the 3% story drift. MDAD effectively improved the performance of the steel frame by redistributing the force and delated fracture by the story drift of 1.0%. Furthermore, the strengths of the retrofitted frame continued to increase until 3.0% story drift, even after the fracture of the beam end. The maximum strengths were 255 kN at the 3% story drift and -314 kN at the -3% story drift. It implies that MDAD compensates the strength deterioration by fracture and the retrofitted frame maintained the loading-resisting capacity even after the fractures. The first fracture of the beam end was delayed to 3.0% story drift, around 1.0% story drift later than that in the bare frame. Figure 9 (b) shows the hysteretic behaviors of the tension rod that connected the interior column and beam 2. The bending plate yielded at 0.85% story drift, which was earlier than beam yielding and the axial force of the tension rod at yielding was around 125 kN. The effect of MDAD during the fracture of the bottom flange was interesting. After the left end of beam 2 fractured at the 3.0% story drifts cycle, the force of tension rod increased by 35%. This increment avoided the decrease in the story-shear capacity of the fractured frame (see Figure 8 ) and provided a stable post-fracture behavior in terms of strength deterioration.
(a) (b) Fig. 9 Local behavior of retrofitted section: (a) beam 2 left-end moment; tension-rod force
Conclusions
The effectiveness of MDAD on increasing the seismic capacity of steel frames was examined using multi-span steel frame specimens. The test results of the bare frame were compared with the results of the retrofitted frame. The main findings are summarized as follows:
1) In the tests, MDAD reduced positive bending moment by 20% in the elastic range, which was close to the design target.
2) The first yielding and the bottom flange fracture of beam end delayed from 0.75% to 1.0% and from 2.0% to 3.0%, respectively. Local buckling was not found in the retrofitted beam ends. MDAD significantly mitigated damage of the steel frame.
3) The MDADs yielded earlier than the beam ends under positive bending and presented the stable hysteretic behavior.
4)
No strength reduction was observed in the retrofitted frame with beam fracture until the end of 3% story drifts. MDAD compensated the strength reduction by the beam fracture. This effect contributed the stable behavior of the steel frame to large deformation.
